Aquaporin 4 (AQP4), the most abundant aquaporin in the brain, is a type of bidirectional water channel controlling the brain-water balance and plays a critical role in physiologic and pathologic water balance in the brain. AQP4 was reported to be elevated in hydrocephalus; therefore, we hypothesized that AQP4 contributes to hydrocephalus. In this study, the role of AQP4 in hydrocephalus was explored.
Background
Hydrocephalus is a central nervous system disorder that is commonly due to an imbalance between cerebrospinal fluid production and absorption. Excessive accumulation of cerebrospinal fluid leads to ventriculomegaly, increased intracranial pressure, and impaired neuronal functions [1] . At present, shunting is the main therapeutic method for treating hydrocephalus, but it has a high failure rate.
Aquaporins are a family of bidirectional water channel proteins expressed in plasma membranes. There are at least 13 aquaporins discovered in mammals [2] . Aquaporins in the brain have 3 major functions: brain-water balance, cell migration, and neural signal transduction [3] .
Aquaporin 4 (AQP4) is the most abundant aquaporin in the brain [4] . It is expressed mainly in the foot processes of pericapillary astrocytes at the blood-brain border and brain-cerebrospinal fluid border, and controls the movement of water in the brain [3] [4] [5] . AQP4 plays a critical role in physiologic and pathologic water balance in the brain [4, 6] , and is reported to be associated with the pathology of brain edema, which is a disease caused by brain-water imbalance [2, 4, [7] [8] [9] [10] .
As hydrocephalus is a disease strongly related to defects in cerebrospinal fluid circulation, regulating water channels may become a promising therapeutic approach. The level of AQP4 was found to be elevated in subjects with hydrocephalus [11] [12] [13] ; therefore, we hypothesized that AQP4 contributes to the pathology of hydrocephalus. In the present study, the role of AQP4 in hydrocephalus was explored in a rat model of hydrocephalus established by injection of autologous blood.
Material and Methods

Animals
Healthy SD rats (male, 12 weeks old, 260-300 g) were obtained from Liaoning Changsheng biotechnology Co., Ltd (Shenyang, China). Rats were raised in standard conditions (temperature 23±1°C, relative humidity 50±5%, 12 h/12 h light/dark cycles) and had ad libitum access to standard laboratory chow and water. This study was performed in accordance with the Guide for Care and Use of Laboratory Animals and was approved by the Laboratory Animal Welfare and Ethics Committee of Shandong University.
Experimental protocol
This study included 2 parts. Random grouping was carried out. In Part I, rats in the hydrocephalus group (n=12) received injection of autologous blood to establish a hydrocephalus model. Briefly, rats were anesthetized with pentobarbital sodium (50 mg/kg, intraperitoneal injection). A cranial burr hole (1 mm) was drilled, and 200 ul non-heparinized autologous blood was injected into the ventricle (coordinates: 0.6 mm posterior, 1.6 mm lateral, 4.5 mm ventral to the bregma) using a microinfusion pump. After injection, the microinfusion pump was removed, and the wound was closed. Rats in the control group (n=12) received injection of an equal volume of saline into the ventricle. On Day 1 and Day 3 after injection of autologous blood or saline, magnetic resonance imaging (MRI) scanning was performed to determine lateral ventricle enlargement. Rats were sacrificed after MRI, and their brain tissues were obtained for subsequent hematoxylin-eosin (HE) staining, immunohistochemistry analysis, and quantitative real-time PCR (qRT-PCR) (n=6 for each time point).
Part II included 3 groups: the AQP4 siRNA group, the negative control of siRNA group, and the control group (n=18 for each group). The experimental procedure is shown in Figure 1 . We mixed 400 ng AQP4 siRNA (GenePharma, Shanghai, China) with 2 μl Interferin transfection reagent (Polyplus-transfection, Illkirch, France) and injected the mixture into the lateral ventricle of rats in the AQP4 siRNA group. Twenty-four hours later, these rats received injection of autologous blood. The second injection of AQP4 siRNA (400 ng; mixed with 2 μl Interferin) was performed at 24 h after injection of autologous blood. Rats in the negative control of siRNA group received injection of autologous blood and 2 injections of negative control of siR-NA (GenePharma, 400 ng mixed with 2 μl Interferin, at 24 h before and 24 h after injection of autologous blood). Rats in the control group received injection of normal saline. On Day 3 after injection of autologous blood or saline, MRI scanning and Evans blue extravasation assay were carried out. Then, the rats were sacrificed and their brain tissues were obtained for subsequent qRT-PCR, Western blot, immunohistochemistry, immunofluorescence, and HE staining (n=6 for each experiment).
MRI scanning
MRI was performed on Day 1 and Day 3 after injection of autologous blood in a 3.0-T Varian MR Scanner (Siemens Healthcare, Forchheim, Germany). T2-weighted imaging and 1-mm-thick continuous coronal section images of rats in each group were obtained (TR/TE=5000/86 ms). Images were analyzed using Image-pro Plus 6.0 software. The lateral ventricle volume was calculated by summing the lateral ventricle areas over all slices and multiplying by the thickness of sections.
Evans blue extravasation assay
We injected 2% Evans blue dye into rats (2 ml/kg) through a tail vein. Two hours later, the rats were sacrificed and perfused with saline via the left ventricle until colorless perfusion fluid appeared. Then, brain tissues were harvested, homogenized in formamide (1 ml formamide/100 g brain tissues), and incubated at 37C for 24 h to extract Evans blue dye. After centrifugation, the absorbance of supernate was measured at 632 nm, and the content of Evans blue dye was calculated.
HE staining
Brain tissues of rats in each group were obtained, fixed in 10% formalin, embedded in paraffin, and cut into 5-μm slices. The slices were deparaffinized in xylene, rehydrated in gradient ethanol, and then stained with hematoxylin and eosin. Images were captured using a light microscope (OLYMPUS, Tokyo, Japan) with a 200× magnification.
Immunohistochemistry
The paraffin-embedded brain tissues were cut into 5-μm slices. After being deparaffinized and rehydrated, the slices were subjected to retrieve antigen in antigen retrieval buffer for 10 min. Then, the slices were incubated with 3% H 2 O 2 for 15 min to quench the activity of endogenous peroxidases, and incubated with goat serum (Solarbio, Beijing, China) for 15 min at room temperature to block non-specific binding. Thereafter, the slices were incubated with AQP4 antibodies (rabbit anti-AQP4 antibody; 1: 50 diluted in PBS; Proteintech, Wuhan, China) or Connexin 43 antibody (rabbit anti-connexin 43 autoantibody; 1: 50 diluted in PBS; Proteintech) overnight at 4°C. The slices were rinsed in PBS and incubated with corresponding secondary antibodies (biotin-conjugated goat anti-rabbit IgG; 1: 200 diluted in PBS; Beyotime, Shanghai, China) for 30 min at 37°C. The slices were rinsed in PBS, incubated with horseradish peroxidase (HRP)-conjugated avidin (Beyotime) for 30 min at 37°C, and visualized using a DAB (3, 3'-diaminobenzidine) Kit (Solarbio). Next, the slices were counterstained with hematoxylin (Solarbio) and observed using a light microscope with a 400× magnification.
Immunofluorescence
After being deparaffinized and rehydrated, the slices were antigen-retrieved in antigen retrieval buffer and blocked with goat serum. Then, the slices were incubated with AQP4 antibody (rabbit anti-AQP4 antibody; 1: 50 diluted in PBS; Proteintech) and glial fibrillary acidic protein (GFAP) antibody (mouse anti-GFAP antibody; 1: 50 diluted in PBS; Santa Cruz, Dallas, TX, USA) overnight at 4°C. After being rinsed in PBS, the slices were incubated with corresponding secondary antibodies (Cy3-conjugated goat anti-rabbit IgG, FITC-conjugated goat anti-mouse IgG; 1: 200 diluted in PBS; Beyotime) for 90 min at room temperature in the dark. Thereafter, the slices were rinsed in PBS and incubated with DAPI (4',6-diamidino-2-phenylindole) (Beyotime) for nuclear counterstaining. The slices were observed using a fluorescence microscope (OLYMPUS; model: BX53) with a 400× magnification.
QRT-PCR
Total RNA in brain tissues was extracted using the High-purity Total RNA Fast Extraction Kit (BioTeke, Beijing, China) according to the manufacturer's instructions. Then, the RNA was reversely transcribed to cDNA with oligo(dT) 15 and M-MLV reverse transcriptase (BioTeke) according to the protocol. The mRNA levels of AQP4 were determined using qRT-PCR on an Exicycler™ 96 real-time quantitative thermal block (BIONEER, Daejeon, Korea). The following primers were used: AQP4 forward primer: 5'-ATCGCCAAGTCCGTCTTCTACATC-3'; AQP4 reverse primer: 5'-AACCGTGGTGACTCCCAATCC-3'; b-actin forward primer: 5'-GGAGATTACTGCCCTGGCTCCTAGC-3'; b-actin reverse primer: 5'-GGCCGGACTCATCGTACTCCTGCTT-3'. The SYBR Green reagent was obtained from Solarbio. The mRNA level of AQP4 was normalized to b-actin and calculated using 2 -DDCt method.
Western blot analysis
Brain tissues were homogenized on ice in Radioimmunoprecipitation Assay Lysis Buffer (Beyotime) containing 1% phenyl-methane-sulfonyl fluoride (Beyotime). After centrifugation at 10005×g for 10 min at 4°C, the protein concentration of supernatant was measured with a BCA Protein Assay Kit (Beyotime). Thereafter, 40 μg proteins from each group were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred onto polyvinylidene fluoride membranes (Millipore, Bedford, MA, USA). The membranes were blocked with 5% non-fat milk, rinsed in Tris-buffered saline with Tween (TBST), and incubated with AQP4 antibody (rabbit anti-AQP4 antibody; 1: 500 diluted; Proteintech), connexin 43 antibody (rabbit anticonnexin 43 antibody; 1: 500 diluted; Proteintech), or b-actin antibody (mouse anti-b-Actin antibody; 1: 500 diluted; Bioss, Beijing, China) overnight at 4°C. Thereafter, the membranes were rinsed in TBST and incubated with corresponding HRP-conjugated secondary antibodies (goat anti-rabbit IgG, goat anti-mouse IgG; 1: 5000 diluted; Beyotime) for 45 min at 37°C. The membranes were visualized using an Enhanced Chemiluminescence Kit (Beyotime), followed by chemiluminescence detection on X-ray film. b-actin was applied as the internal control. The intensities of targeted bands were analyzed with Gel-Pro-Analyzer software.
Statistical analysis
The results are presented as mean ±SD. Differences between groups were analyzed using one-way Analysis of Variance (ANOVA) or two-way ANOVA followed by Bonferroni post hoc testing. P<0.05 was considered as significant.
Results
Injection of autologous blood induced hydrocephalus
After injection of autologous blood, the brain tissues of rats in each group were determined by MRI, and the lateral ventricle volumes were calculated. As shown in Figure 2 , after injection of autologous blood, ventriculomegaly was discovered on Day 1 (Figure 2A) , with significantly increased lateral ventricle volumes ( Figure 2B ). The ventriculomegaly on Day 3 after injection of autologous blood was also remarkable, with significantly increased lateral ventricle volumes, but was less pronounced than those on Day 1 (Figure 2A, 2B ). On Day 3, disorganization in ependymal layer was observed, as detected by HE staining ( Figure 2C ). These results demonstrated that injection of autologous blood can effectively induce hydrocephalus.
The AQP4 level was elevated in hydrocephalus model
After induction of hydrocephalus by injection of autologous blood, the level of AQP4 in brain tissues was detected by qRT-PCR and immunohistochemistry. As shown in Figure 3A , the AQP4 level in the control group showed no significant difference between Day 1 and Day 3. On the first day after hydrocephalus induction, the AQP4 level in the hydrocephalus group showed a slight but not significant decrease compared with the control group. However, on Day 3, the level of AQP4 in the hydrocephalus group was significantly higher than that in the control group ( Figure 3A , p< 0.05). The expression and distribution of AQP4 were also detected by immunohistochemistry. On Day 3, the expression of AQP4 in the hydrocephalus group was increased compared with the control group, especially in the ependymal layer ( Figure 3B ). These results indicated that the AQP4 level in the hydrocephalus model was elevated.
AQP4 siRNA decreased the AQP4 level in brain tissues
According to our previous results, an AQP4-specific siRNA was employed to explore the role of AQP4 in hydrocephalus. First, the efficiency of AQP4 siRNA was verified by qRT-PCR and Western blot analysis. The results of qRT-PCR analysis showed that, after hydrocephalus induction and transfection with negative control of siRNA, the relative mRNA level of AQP4 was increased to 1.61±0.31. However, AQP4 siRNA decreased the relative mRNA level of AQP4 to 0.46±0.13 ( Figure 4A ). The results of Western blot analysis also showed that, compared with the negative control of siRNA group, the protein level of AQP4 was decreased by AQP4 siRNA ( Figure 4B, 4C) . The expression and distribution of AQP4 and its co-localization with GFAP, a marker of astrocytes, was detected by immunofluorescence. As shown in Figure 5 , AQP4 was co-localized with GFAP in hydrocephalus brains. After AQP4 silencing, the AQP4 level was decreased, especially that co-localized with GFAP in the ependymal layer. These results demonstrate that AQP4 siRNA can efficiently decrease the AQP4 level.
AQP4 siRNA aggravated hydrocephalus
After AQP4 silencing, the brains of rats in each group were assessed by MRI. In the negative control of siRNA group, injection of autologous blood caused hydrocephalus, which was consistent with our previous results. When AQP4 was silenced, the hydrocephalus was aggravated, and the lateral ventricle volumes were increased significantly compared with the negative control of siRNA group ( Figure 6A , 6B, p<0.01). Moreover, the brain tissues were assessed by HE staining, showing that the disorganized ependymal layer induced by hydrocephalus was aggravated by AQP4 silencing ( Figure 6C ).
The expression and distribution of connexin 43, a gap junction protein, was also detected by Western blot and immunohistochemistry. As shown in Figure 7 , the protein level of connexin 43 in the negative control of siRNA group was increased after injection of autologous blood. However, in the AQP4 siRNA group, this increase was reduced by AQP4 silencing (Figure 7A, 7B) . The results of immunohistochemistry showed similar results: the increased connexin 43 level in ependymal layer induced by hydrocephalus was reduced by AQP4 silencing ( Figure 7C ).
The integrity of the blood-brain barrier was also assessed in our study through Evans blue extravasation assay. The Evans blue content in the negative control of siRNA group was increased compared with the control group, indicating that the blood-brain barrier was damaged. In the AQP4 siRNA group, the Evans blue content was higher than in the negative control of siRNA group (Figure 7D ), indicating that the damaged blood-brain barrier in hydrocephalus brains was aggravated by AQP4 silencing.
Discussion
The literature shows that brain-water homeostasis is very important to hydrocephalus. In the present study, the role of AQP4 in hydrocephalus was explored. The results of our study showed that the AQP4 level was elevated after induction of hydrocephalus. However, silencing AQP4 aggravated hydrocephalus and impaired blood-brain barrier and ependymal integrity. Our results suggest that AQP4 has a protective effect during hydrocephalus.
AQP4, a water channel protein, is mainly expressed in astrocyte end-feet processes and glia limitans. It has a close relationship with brain water homeostasis and facilitates the transport of excess water out of the brain. Periventricular AQP4 level is reported to be positively correlated to cerebrospinal fluid volume [14] . AQP4 deficiency can lead to increased water accumulation in the central nervous system, as well as brain swelling or deteriorated neurological outcomes [15] . The AQP4 level was reported to be elevated in rat models of hydrocephalus induced by injection of kaolin [11] , as well as in hydrocephalus dogs [12] . Consistently, our study found that the AQP4 level was also elevated in rat hydrocephalus models induced by injection of autologous blood. Moreover, in congenital hydrocephalus patients, the cerebrospinal fluid also shows a higher AQP4 expression [13] . A variety of studies show that the AQP4 level in cerebrospinal fluid and parenchyma of subjects with hydrocephalus is elevated, and this disturbance is correlated with hydrocephalus severity [13, 14, 16] . This suggests that AQP4 has a relationship with hydrocephalus.
AQP4 can facilitate water passing from ventricles into brain parenchyma and then to the systemic circulation [1] . Whether the disturbance in AQP4 is contributes to hydrocephalus or is protective remains unclear. We first thought that the disturbance of AQP4 might contribute to hydrocephalus. However, in the present study, we found that the severity of hydrocephalus on Day 3 was less than on Day 1, whereas, the AQP4 level was higher. This result suggests that AQP4 has a protective role in hydrocephalus. If the disturbance of AQP4 contributes to hydrocephalus, AQP4 silencing would result in alleviation. On the contrary, if the disturbance of AQP4 protects against hydrocephalus, AQP4 silencing would result in aggravation. We found that AQP4 silencing resulted in aggravated hydrocephalus. Consistent with our results, in kaolin-induced hydrocephalus, AQP-4 null mice showed a more severe hydrocephalus [17] ; and in obstructive hydrocephalus, AQP4 knockout increased the ventricular enlargement, and its deficiency accelerates the hydrocephalus progression [17] . Thus, we hypothesize that AQP4 protects against hydrocephalus. Some researchers also consider that the disturbance of AQP4 is an adaptive response to hydrocephalus, and has a compensatory effect in altering the pathway of cerebrospinal fluid absorption [12, 14] . However, to verify this hypothesis, more research is needed.
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AQP4 plays a complicated role in diseases associated with water imbalance in the brain. In cytotoxic brain edema, in which water is accumulated in intracellular compartments, AQP4 provides an important route for water to move into the brain. AQP4 knockout can attenuate brain edema [18] , and AQP4 overexpression can accelerate brain edema [19] . On the contrary, in vasogenic brain edema, in which water is accumulated in interstitial spaces, AQP4 removes excess water, and AQP4 knockout can aggravate the brain edema [20] . In the present study, AQP4 silencing aggravated hydrocephalus, which is characterized by excessive cerebrospinal fluid accumulation. These different roles of AQP4 in cytotoxic brain edema, vasogenic brain edema, and hydrocephalus may be due to the different sites where water is accumulated. However, more evidence is needed to verify this hypothesis.
Ependyma and blood-brain barrier are the barriers between intracerebral fluid and brain parenchyma. AQP4 is a bidirectional water channel strongly present in astroglia at the blood-brain barrier and cerebrospinal fluid-brain interfaces [4, 21] . Thus, AQP4 may play an important role in brain-water homeostasis. Connexin 43 is the main gap junction protein expressed in ependymal cells and astrocytes [22, 23] . In our study, the level of connexin 43 was elevated after induction of hydrocephalus, but was reduced by AQP4 silencing. Consistently, Li et al. and Nicchia et al. also showed that AQP4 deficiency or knockdown decreased the level of connexin 43 [24, 25] . These results suggest that AQP4 silencing also affects the gap junction between ependymal cells, thus altering ependymal integrity. Moreover, the impaired blood-brain barrier integrity was also exacerbated by AQP4 silencing. As blood-brain barrier and ependymal integrity are related to brain-water homeostasis, the role of AQP4 in hydrocephalus may be associated with its effects on blood-brain barrier and ependymal integrity.
